The study of canine athlete physiology has focused on endurance sled dog racing and high intensity short duration Greyhound racing, yet the number of dogs competing in low intensity endurance activities is rising due to the increased numbers of hunting and companion dog activities. There is little information on the physiological effect of longer duration low intensity endurance activities. We set out to evaluate the serum biochemistry, oxidative stress, and cortisol response before and after two consecutive days of exercise in ten healthy unconditioned male dogs. Exercise sessions consisted of 120 minutes on an exercise wheel at 11 km/hour on 2 consecutive days. Blood was collected at four time points: 24 hours pre-exercise (sample 1, Day 0, resting); 2 min post-exercise on days 1 and 2, (samples 2 and 3, respectively); and 20 hours post-exercise, collected on day 3(sample 4). Hematocrit, blood gases, serum chemistry, uric acid, cortisol, and F2-isoprostanes were determined. Serum biochemistry and hematocrit suggested hemoconcentration, mild muscle damage and respiratory alkalosis during exercise, which was expected in the unconditioned canine athlete. In addition, plasma indices of oxidative damage (F2-isoprostanes) increased, as did plasma uric acid (an endogenous antioxidant). Importantly, similar to human studies, plasma F2-isoprostanes decreased 24 hours after exercise suggesting a protective effect of exercise. Serum cortisol concentrations were also markedly elevated at the end of exercise on both days suggesting that timing of sampling may play a role in interpreting cortisol results when looking at previous field studies.
Introduction
The study of exercise physiology in canine athletes has focused primarily on the endurance sled dog and the sprinting Greyhound [1] - [4] . However, in the last 10 years, the number of dogs competing in other canine sports has increased significantly. These include the low intensity endurance activities (30% -40% VO 2 max) typical amongst law enforcement, military, detection, search and rescue, recreational hunting dogs and companion dog "athletes". In addition, pet owners are also engaging in more physical activities with their canine companions including running, swimming, biking and skijoring (http://www.akc.org/about/annual_report.cfm). In many cases, unlike racing greyhounds and sled dogs, dogs participating in these low intensity endurance activities are not well conditioned and perform activities only on weekends or sporadically due to seasonality of the activities [5] .
Presently, the only information on canine endurance exercise comes from the examination of the physiological extreme of the high intensity endurance activity of sled dog racing in highly conditioned athletes [2] [3] [6] . Depending on population and/or duration of activity, studies of physiological changes in sled dogs have suggested both hemoconcentration and hemodilution [3] [7] [8] . In addition, hydration status and kennel management have been shown to significantly affect hemodynamics in dogs within the same race [7] .Considering all of these possible confounding variables present in many sled dog studies, it is not surprising that these studies have demonstrated significant inter-individual, as well as inter-study, variation in measures of exercise-induced muscle damage, i.e., plasma creatine kinase (CK) and aspartate amino-transferase (AST) [3] [6] .
Limited field studies have been conducted on agility dogs, hunting foxhounds, Labrador retrievers, search and rescue dogs, and scenting dogs [9] - [12] , and the current literature contains little information on longer duration low intensity exercise in the unconditioned canine. In addition, similar to sled dog studies, field studies of low intensity endurance activities are difficult to standardize and the inherent variability in exercise intensity makes interpretation difficult and may lead to contradictory inter-study results. Thus, we were interested to utilize additional measures of exercise-induced stress during low intensity endurance exercise using a controlled field setting for the exercise sessions.
Exhaustive exercise, i.e., human ultramarathon or endurance sled dog racing, increased production of free radicals (particularly oxygen-and nitrogen-centered radicals)leads to exercise-induced oxidative stress, including increased formation of F 2 -isoprostanes [13] [14] . Four groups of F 2 -isoprostane regioisomers (5-, 8-, 12-, and 15-series F 2 -isoprostanes) can be formed during free-radical mediated oxidation of arachidonic acid. The 15-series F 2 -isoprostanes (15R-and 15S-8-isoprostanes (8-isoPs))are the most extensively studied and are considered a biomarker of choice to assess in vivo oxidative stress, particularly when measured by either GC/MS or LC/MS [15] [16] . In studies using a commercial ELISA method for measurement of 8-isoPs, endurance sled dogs show 3-to 5-fold increase in plasma F 2 -isoprostanes after running 100 km, while agility dogs during competition showed no increase in F 2 -isoprostanes [12] [14] . These discrepancies may be genuine or may be the result of cross-reactivity to other compounds by the polyclonal antibody used in these commercial ELISA assays [15] . Importantly, 8-isoP levels have not been determined during exercise activities falling between these two extremes, i.e., during the more common low intensity longer duration activities of the unconditioned canine companion athlete. Interestingly, in contrast to exhaustive exercise, moderate intensity exercise in humans results in an adaptive response whereby markers of oxidative stress are significantly increased after the initial bout of moderate exercise, but become progressively lower after repeated bouts of moderate exercise [17] - [19] . Similar studies in canines are unavailable.
Uric acid, a potent antioxidant, is suggested to prevent elevations in oxidative damage [14] [20] . Elevated serum uric acid during both short and long duration strenuous activities is associated with decreased exercise-induced oxidative damage [20] - [22] . In addition, supplementation of humans with uric acid prevented exercise-induced elevation of 8-isoPs [23] . To date, similar studies have not been undertaken during low intensity endurance activities in either conditioned or unconditioned dogs.
Similar to exercise-induced oxidative stress, measures of the exercise-induced physiological stress have not been reported in dogs immediately following low intensity endurance activity. Physiologic stress is commonly assessed through serum cortisol as an indication of the activation of the adreno-hypothalamus axis. Cortisol has been shown to be elevated during an array of athletic and non-athletic canine activities [24] - [26] , but the data varies with the activity. Sled dogs running between 10 and 120 minutes exhibited a marked rise in serum cortisol, while cortisol concentrations did not increase in agility dogs during short duration exercise [7] [11] [24] . These differences may be a reflection of the timing of sampling as well as variation in exercise, excitement and breed. To date, F 2 -isoprostane and uric acid levels, as well as markers of muscle damage, hemodynamics and cortisol, have not been determined during low intensity endurance activities in unconditioned dogs. The purpose of this study was to assess biochemical and physiological parameters in unconditioned dogs during repeated low intensity endurance activity (30% -40% VO 2 max)in a controlled field environment by measuring clinical biomarkers of exercise-induced stress (serum chemistry and cortisol), as well as uric acid and plasma F 2 -isoprostanes.
Materials and Methods

Dog Exercise Sessions
All procedures in this study were approved by the Cornell University institutional care and use committee and owner consent was acquired for the study.
Ten healthy, unconditioned, male mixed breed dogs from a single kennel between the ages of 6 -9 years of age weighing between 24 and 27 kilograms were used in this study. All of the dogs in the study were fed a commercial kibble containing 26% crude protein and 16% crude fat (Annamaet Extra, Annamaet Pet food, Sellersville, PA).Blood was collected at four different time points: a pre-exercise resting sample 24 hours before the first exercise session (day 0); a post-run sample on day 1 within 2 minutes of cessation of exercise (day 1); a post-run sample on day 2 within 2 minutes of cessation of exercise (day 2); and a sample 24 hours after the cessation of the day 2 exercise session (day 4). Exercise consisted of all dogs running simultaneously on an exercise wheel as is typical for conditioning canine athletes (sled dogs and hunting dogs) at 11 km/hour for 120 minutes on two consecutive days between 7 and 9 am. This exercise regimen simulates a low intensity endurance exercise equivalent to approximately 30% -40% of their maximal oxygen consumption [20] . At each half hour interval of exercise, the direction in which the dogs ran was changed. Immediately after exercise (within 60 seconds) venipuncture of the jugular vein was performed using a 20-gauge needle on each dog and 10 milliliters of blood was collected.1-ml of blood was transferred to a 1 ml lithium heparin tube, 5-ml to a coagulation tube and 4 ml to another lithium heparin tube. Serum and plasma were separated within 20 minutes of collection by centrifugation of the respective tubes for 6 minutes at 4000 × g, transferred to separate tubes, immediately frozen on dry ice, and placed in liquid nitrogen for transportation to the laboratory. After transportation to the respective laboratories the samples were stored at −80˚C until analysis.
Hematocrit
Heparinized hematocrit capillary tubes were filled for each dog at each time point and spun on a hematocrit centrifuge.
Serum Chemistry
Serum chemistry was determined using an Olympus AU5400 automated analyzer (Olympus America, Center Valley, PA, USA).
Blood Gas, Lactate, Uric Acid and Cortisol
Blood gas and serum lactate was determined using an iSTAT CG8+ cartridge per the manufacturer (Abbott Laboratories, Deerfield IL). The cartridge was filled with heparinized blood within 5 minutes of blood draw. Cortisol was determined utilizing a validated radioimmunoassay for dogs (Cornell University Diagnostic Laboratory, Ithaca, NY). Uric acid was determined utilizing a commercial ELISA kit per manufacturer's instructions (Cay-man Chemical, Anna Arbor, MI).
Plasma F2-Isoprostanes
Plasma samples were shipped to the Linus Pauling Institute at Oregon State University for F 2 -isoprostane analysis. Plasma 15-series F2-isoprostanes (15R-and 15S-8-isoprostanes, 8-isoPs) and 5-series F 2 -isoprostane metabolites were extracted and measured by LC/MS as described by Taylor et al. [27] . Briefly, plasma was extracted by SPE as described [28] using a Strata-X SPE cartridge (500 mg/3 mL, Phenomenex, Torrance, CA). Eluted samples were dried under nitrogen and reconstituted with 200 µL of methanol containing 0.1% formic acid and stored at −80˚C until analysis. Samples were analyzed using an HPLC coupled to a triple-quadrupole mass spectrometer operated in negative mode. 5-and 15-series F 2 -isoprostanes were quantified based on an internal standard [27] .
Statistical Analysis
Data was analyzed by one-way ANOVA using Prism (Graphpad, La Jolla, CA). Any data that was not normally distributed based on Shapiro Wilks testing was transformed prior to analysis. Tukey's Post hoc tests were performed when overall time point effects were found to be significant. Comparisons between groups with p values < 0.05 were considered significant. All data for Figures 1-3 (cortisol, uric acid and isoprostanes) are expressed at mean ± standard error of the mean.
Results
Unconditioned dogs participated in 2 low intensity endurance exercise sessions on 2 consecutive days (days 1 and 2). Measures of physiologic and oxidative stress were determined 24 h pre-exercise (day 0), 2 min post-exercise (days 1 and 2), and 20 h post-exercise (day 3).
Hematocrit and Serum Chemistry
Compared to pre-exercise levels serum total protein, albumin, sodium, and chloride, as well as hematocrit and total iron binding capacity, increased immediately following each low intensity endurance exercise session and returned to pre-exercise levels on day 3 (p < 0.05; Table 1 ). In contrast, immediately following the day 1 and day 2 low intensity endurance exercise sessions, phosphorus levels decreased to 65% and 60%, respectively, compared to pre-exercise levels (p < 0.05; Table 1 ). Phosphorus levels remained decreased 20 h post-exercise. Blood urea nitrogen (BUN) levels increased 6% following day 2 exercise and returned to pre-exercise resting levels on day 3 (p < 0.05). Glucose and potassium levels decreased to approximately 90% of pre-exercise levels following day 2 exercise, but returned to pre-exercise levels by day 3 (p < 0.05; Table  1 ). Blood calcium levels decreased 3% following the 2 nd day of low intensity endurance exercise, compared to pre-exercise levels, and recovered by 20 h post-exercise (p < 0.05). Alkaline phosphatase levels was unaltered following the day 1 low intensity endurance exercise, but increased 25% following low intensity endurance exercise on day 2 and remained elevated 20 h post-exercise, compared to pre-exercise levels (p < 0.05; Table  1 ). Importantly, following low intensity endurance exercise on day 1, AST and CK levels increased 1.8-and 2.5-fold, respectively, compared to pre-exercise levels (28 ± 10 U/L and 96 ± 17 U/L, respectively). Following the 2 nd low intensity endurance exercise session (day 2), AST and CK levels further increased to 2.4-and 4.6-fold pre-exercise levels (p < 0.05; Table 1 ). AST, but not CK, levels returned to pre-exercise levels 20 h post-exercise (p < 0.05). Finally, iron and iron saturation increased approximately 2-fold following each low intensity endurance exercise session, compared to pre-exercise levels (p < 0.05) and both indices remained elevated 20 h post-exercise. Cholesterol, creatinine, magnesium, and ALT levels were unchanged during this study.
Blood Gas and Lactate
Blood gas parameters were determined pre-exercise and immediately following low intensity endurance exercise on days 1 and 2. Base Excess (1.7-and 1.7-fold), pH (0.5% and 1.4%), and lactate (2.3-and 2.0-fold) levels increased following each exercise session compared to pre-exercise levels ( 
Cortisol and Uric Acid
Serum cortisol concentrations increased 5.6-and 5.1-fold following low intensity endurance exercise on days 1 and 2, compared to pre-exercise levels (1.9 ± 0.3 ug/mL, p < 0.01), but returned to pre-exercise levels by day 3 (Figure 1) . Following the low intensity endurance exercise session on day 1 serum uric acid levels were increased more than 2-fold compared to pre-exercise levels (59.6 ± 5.2 μM vs. 26.9 ± 1.8 μM, p < 0.01) ( Figure  2) . Serum uric acid levels were also increased (47.7 ± 4.2 μM) following day 2 exercise, compared to pre-exercise levels (p < 0.05), but recovered by 20 h post-exercise (32.6 ± 2.8 μM) (Figure 2) .
F2-Isoprostanes
Due to the inter-individual variation (range 384 -744 ng/mL 15-series F 2 -isoprostane; 954 -1893 ng/mL 15 series-F 2 -isoprostanes) for pre-exercise F 2 -isoprostane levels, day 1, 2 and 3 plasma F 2 -isoprostane levels are expressed as percent of pre-exercise levels, i.e., %day 0. Immediately following low intensity endurance exercise on day 1, 15-series F 2 -isoprostane (8-IsoPs) levels increased 20%, compared to resting levels (p < 0.01). However, following the low intensity endurance exercise session on day 2, 15-series F 2 -isoprostanelevels did not differ from resting levels. Interestingly, plasma 8-IsoPs levels were 77% of resting levels by 20 h post-exercise (p < 0.05; Figure 3(a) ). Although the 5-series F 2 -isoprostane levels show an increasing trend following low intensity endurance exercise on day 1, this increase did not reach significance. Similarly to the 8-IsoPs, 5-series F 2 -isoprostane levels were decreased 20 h post-exercise (day 3) compared to pre-exercise levels (p < 0.05; Figure 3(b) ).
Figure 1.
Low intensity endurance exercise increases serum cortisol. Unconditioned dogs participated in 2 low intensity endurance exercise sessions on 2 consecutive days (days 1 and 2) followed by a day of rest. Serum cortisol was determined 24 h pre-exercise (day 0, resting), 2 min post-exercise (days 1 and 2), and 20 h post-exercise (day 3). Data are expressed as mean ± SEM, n = 10; p < 0.01 compared to pre-exercise (day 0).
Figure 2.
Low intensity endurance exercise increases serum uric acid levels. Unconditioned dogs participated in 2 low intensity endurance exercise sessions and serum was collected as described in Figure 1 and Methods. Data are expressed as mean ± SEM, n = 10; p < 0.01 compared to pre-exercise (day 0).
(a) (b) Figure 3 . Low intensity endurance exercise alters plasma 15-and 5-series F 2 -isoprostane levels. Unconditioned dogs participated in 2 low intensity endurance exercise sessions on 2 consecutive days (days 1 and 2) followed by a day of rest. 
Discussion
To date, canine athlete physiology studies have focused primarily on endurance sled dog racing and high intensity short duration Greyhound racing. However, the number of dogs competing in other canine activities has risen significantly over the past 10 years, particularly low intensity endurance activities. Presently there is a lack of information on the physiological effect of low intensity endurance activities in canines, particularly in the unconditioned dog. In the current study, we determined serum biochemistry, oxidative stress, and cortisol response before and after two consecutive days of controlled low intensity exercise on an exercise wheel, as well as 20 h post-exercise, in ten healthy unconditioned male dogs. Interestingly, although F 2 -ioprostanes increased modestly following the day 1 exercise session, 20 h following the day 2 exercise session these indicators of oxidative stress were decreased below day 0 pre-exercise levels. These data suggest an adaptive response to repeated moderate exercise that may be beneficial to the long-term health of canines. Although more consistent with physiologic changes seen in hunting or agility dogs, low intensity endurance exercise produced a unique set of biochemical changes compared to either hunting and agility dogs [1] [4] [9] [29] or endurance sled dogs [2] - [4] . Similar to agility dogs following competition, dogs in our study showed increased HCT, total protein, sodium, alkaline phosphatase, AST, and CK, but not ALT [11] . In addition, in contrast to agility dogs, our dogs demonstrated decreased serum phosphorus and glucose levels, which may have been a reflection of diet and/or energetics and phosphorus utilization in unconditioned dogs. Modest drops in phosphorus are common, reflecting the need for negative ions to move intracellularly due to respiratory alkalosis and increased glucose utilization in skeletal muscle requiring more intracellular phosphorus [9] [30] [31] .
Following an endurance sled dog race changes in serum biochemistry were opposite compared to those seen following low intensity endurance exercise, i.e., decreased albumin, total protein and sodium, and increased phosphorus. The only similarity between the findings in sled dogs and our study dogs was increased chloride and decreased potassium. Elevations in HCT, total protein, albumin, sodium, chloride and blood urea nitrogen can be explained in part by dehydration and inter compartmental fluid shifts causing hemoconcentration [1] [3] . Sympathetic induced splenic contraction occurs in agility dogs and Greyhounds and is thought to partially explain elevations in hematocrit post exercise [1] [29] . However, our increases were mild compared to those observed in Greyhounds. Thus it would appear that both of these processes occurred in the study dogs with complete recovery 20 hours post-exercise.
Immediately following low intensity endurance exercise, the serum enzymes CK and AST increased significantly indicating that exercise induced damage to the muscle cell membrane had occurred [2] [7] [32] . CK did not recover within 20 hours, likely due to continual rise that occurs after the cessation of exercise for up to 12 hours [33] . Lactate has been shown to be an indicator of glycolytic activity in skeletal muscle and the magnitude of the rise is related to intensity of exercise and fitness of the individual. Lactate was elevated on day 1 and day 2 of the exercise, however the rises were still within the reference interval. When compared to Greyhounds and agility dogs who show a 3-to 10-fold higher serum lactate concentration after an exercise bout, our study dogs showed little muscle glycolytic activity after 2 hours of low intensity exercise [12] [34] . This suggests that the dogs were running primarily from energy generated from the beta-oxidation of fatty acids, which would be expected for dogs running between 30% -50% of their maximal oxygen capacity [20] [35] . However, even at this low intensity of exercise, our study dogs appeared to be alkalotic, similar to field trial Labradors who showed a pronounced respiratory alkalosis following exercise [36] . This is expected since panting is the major thermoregulatory mechanism for the dog. Panting causes increased loss of CO 2 through respiration resulting in a mild alkalosis that recovers quickly in dogs [1] [36] . This drop in serum bicarbonate and modest decrease in phosphorus may have led to the mild hyperchloremia observed in our dogs. These changes may represent an effort to replace intravascular negative ions for acid base balance [8] [30] .
Uric acid is a constantly formed metabolite of purine metabolism in all mammals, and also a potent endogenous antioxidant that acts in concert with ascorbic acid [37] [38] . Typically, uric acid concentrations do not rise dramatically unless purines are being metabolized from diet or from endogenous sources into carbon moieties for other metabolic purposes [37] . However, uric acid levels have been shown to increase following endurance exercise in both dogs and humans. Specifically, uric acid levels increased 2-fold in endurance sled dogs running 30 minutes at high intensity (70% VO 2 max) and were increased as much as 3-fold in sled dogs after running 100 miles [20] - [22] . Increased uric acid levels have been proposed as a protective mechanism against exercise-induced oxidative stress [20] [22] . The 2-to 3-fold increase following low intensity endurance activity suggests that this protective mechanism may be in place during most exercise of any intensity or duration and should be examined in sprint athletes.
Similar to racing sled dogs, plasma F 2 -isoprostane levels increased immediately following the first bout of exercise, compared to resting levels. However, F 2 -isoprostane levels in our study dogs increased only 20% while levels in the racing sled dogs increased more than 3-fold [14] . In addition, while F 2 -isoprostane levels remained elevated following the third day of the sled dog race, day 2 F 2 -isoprostane levels did not differ from resting levels in our study dogs. Furthermore, in our study, 20 h post-exercise F 2 -isoprostane levels were decreased below resting levels. Our data are in contrast with data reported by Dunlap and colleagues [20] in which rises in uric acid were coupled with non-significant elevations in plasma F 2 -isoprostane levels. Additionally, Baltzer and colleagues [12] showed no differences in urinary or serum F 2 -isoprostane levels in agility dogs after exercise. These differences may be due to the higher specificity and sensitivity of the mass spectroscopy method used in our current study compared to the ELISA method used by the earlier studies [15] [39] . ELISA based assays utilize antibodies that have shown significant cross reactivity with other compounds in addition to the 8-F 2 -isoprostane they are intended to measure [27] . Mass spectroscopy coupled with either gas chromatography or HPLC is the preferred analytical technique for in vivo measurement of F 2 -isoprostanes [15] [39] . In addition, Dunlap indicates that the recommended sample extraction was not done in their study and this may further explain why increases did not reach significance in that study [20] . Importantly, our data shows that 20 hours after 2 consecutive days of low intensity exercise F 2 -isoprostane levels decreased significantly suggesting a protective effect of exercise, as previously observed in human studies of moderate exercising [17] [19] .
Finally, our data demonstrates a dramatic rise in serum cortisol in unconditioned dogs that was similar to, but considerably more robust than studies of endurance sled dogs, sprinting sled dogs, field trial or agility dogs [3] [6] [11] [12] [32] . In studies of endurance and sprinting huskies, blood draws occurred within 30 minutes of cessation of exercise, whereas the agility trial blood draw was within 2 minutes and again 4 hours after cessation of exercise [3] [7] [12] . Since the serum half-life of cortisol is approximately 30 minutes, it is entirely possible that the more elevated concentrations observed in our study were due to the timing of our blood draw, i.e., within 60 seconds of the discontinuation of exercise. Together these data point to the importance of venipuncture timing when planning studies and interpreting results [40] [41] .
Another possibility for the differences in cortisol results is that the dogs used in our study were unconditioned. Thus there may be greater stress associated with beginning a new exercise regimen. Further studies are needed to determine cortisol responses in the conditioned versus unconditioned dog. Finally, there could have been excitement by the unconditioned dogs when they were allowed to discontinue this exercise session. Such a response would prompt sympathetic stimulation resulting in a burst of cortisol. However, this is doubtful based on behaviors observed by researchers during and after the exercise sessions.
Conclusion
In conclusion, this study demonstrated that the unconditioned canine athlete undergoes physiological changes similar to those observed in other exercising canines. However, unlike the endurance sled dog, the unconditioned dog shows modest hemoconcentration and physiological changes that favor fat oxidation rather than glycolysis. The low intensity endurance exercise used in this study did not induce a level of oxidative stress indicative of significant muscle damage. Rather, levels of the endogenous antioxidant uric acid were increased. In addition, there was a significant decrease in resting levels of F 2 -isoprostanes within 2 days of beginning training. These data suggest that, like humans, moderate exercise leads to conditioning and an improved ability to respond to oxidative stress in canines. Finally, the oxidative indices and serum cortisol measurements in this study highlight that sampling times and methodology are absolutely critical when interpreting findings in field studies.
